Multi-objective aerodynamic design exploration for the statically stable shape of the vertical-takeoff-and-landing rocket is conducted through the multi-objective evolutionary computation with the Newtonian method. The Newtonian method is one of the evaluation methods of aerodynamic forces in the supersonic region. Four objective functions are considered; 1)maximization of the lift to drag ratio(L/D) in return flight phase, 2)minimization of the launch drag coefficient(C D Launch ) in ascent phase, 3)maximization of the volume of the body and 4) maximization of the distance from the nose to the center of gravity(x cg ). The maximum-lift-to-drag-ratio and minimum-launch-drag-coefficient shapes are almost the same each other, and they are close to bi-conical shape with small kink angle, similar to the previous study. On the other hand, the shape of the maximum distance from the nose to the center of gravity is found to be a narrow-front-body and wide-aft-body shape. The results also illustrate that the upper limit of the position of the center of gravity, with which the rocket is a statically stable at the angle of attack for the maximum lift-to-drag-ratio, is located at the position of 66% longitudinal length from the top of the body in the shapes considered in this study.
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Introduction
To date, artificial satellites and explorers are transported into an orbit by a disposable rocket. It costs 10-15million yen for the payload of a ton. In the future, this transport cost will be a major barrier against an establishment of the new businesses of space travels and space solar power systems. Thus, it is important to reduce the cost of transports and achieve frequent transports. The previous research showed that daily and 1000-times-repeated flights are necessary for economically reasonable operations 1) . Therefore, it is necessary to develop completely-reusable space-transportation systems to economically operate them. The various concepts of such reusable transportation systems which are much cheaper than the disposable rocket have been proposed and studied. One of them is a vertical-takeoff-and-landing (VTOL) reusable rocket (Hereafter a VTOL rocket) which is considered in this study. This system does not need wings, resulting in the simple and lightweight structure. Moreover, this system is superior to other systems in terms of the ground-operation efficiency for the repeated flight in a short period of time.
In this study, the aerodynamic problems on the VTOL are focused on. The problem of the return flight for a VTOL rocket is unique. Also, this phenomenon has not been fully understood. Two ways are considered as return flight methods of the VTOL rocket: base and nose entries 4) .
A base entry is the entry method in which the bottom of the rocket is located in the traveling direction, and a nose entry is the entry method in which the nose of the rocket is located in the traveling direction, as shown in Fig. 1 . In both cases, the rocket uses an air drag to slowdown. When the rocket is in the return flight, it is necessary for the rocket to have large L/D to reach a spaceport. Also, the VTOL rocket is required to have down range of several tens of kilometers for safety in the ballistic flight. The rocket needs to have larger L/D to satisfy this requirement.
In previous studies, the body with a small fineness ratio is appropriate in the base entry and a large fineness ratio is appropriate in the nose entry. In the base entry, the rocket is able to have L/D of only up to 0.3 although the rocket is statically stable in the pitching motion. On the other hand, in the nose entry, the rocket which has a large fineness ratio without wings is able to have L/D of greater than unity. The fact presented above shows that the nose entry with the slender body which has a large fineness ratio is appropriate from a view point of the performances of the launch and return flights owing to large L/D.
Nose entry style rockets are adopted in the previous studies . However, these rockets have an aerodynamic device for the static stability. For example, DC-XA 2) has a large body flap for the static stability and a reusable vehicle testing (RVT) 3) also has tail wings. One of the merits of the VTOL rocket is having no wing structures as discussed before. Thus, the use of such aerodynamic devices should be kept to be minimum. The rocket shape with skirt in aft body is considered 5) to take advantages of this merit, as shown in Fig.  2 . The rocket shape with the skirt in the aft body generates large aerodynamic forces in the aft body, leading to a statically stable body shape in a pitching motion. However, such a rocket shape has not been studied well. Thus, the aerodynamic knowledge such as the relationship between the static stability and a body configuration should be investigated. In this study, multi-objective aerodynamic design exploration (MODE) is conducted, and design information of the rocket shape above is discussed. Here, MODE is the framework to obtain many optimal solutions with the evolutionary computation and to efficiently extract the design information by using data mining techniques. In this framework, the Pareto (non-dominated) solutions which are the optimum solutions of a multi objective optimization problem with tradeoff relationship are used as the knowledge of the design problem. The designer should choose the solution in the nondominated solutions as the situation demands. This knowledge is important for all design problem.
Multi-objective aerodynamic design exploration was conducted to get the knowledge for the Reusable Vehicle Testing (RVT) design in the previous study 8) . Four objective functions were considered in that study. Aerodynamic coefficients were evaluated by computational fluid dynamics (CFD). The new knowledge for the RVT design was obtained: the maximum-L/D shape for both subsonic and supersonic becomes biconical, but they were slightly different from each other.
However, a static stability of a pitching motion and the rocket shapes with skirt in aft body were not considered in the previous study 8) . A static stability of a pitching motion is important for the flight of the VTOL. For the static stability, the pitching moment of the rocket should have a negative slope and cross zero. The static stability for a pitching motion should be considered together with the other objective functions. The objective of this study is to reveal the design knowledge of the VTOL rocket which is statically stable for a pitching motion. The MODE approach is adopted for this design problem, and the design information is extracted and discussed based on non-dominated solutions of the multiobjective optimization.
Problem Setting
Four objective functions and one constraint are adopted in this study:
Objective functions: Constraint:
1. the static stability exists at the angle of attack at which the L/D is maximized
The objective function 1 is adopted to maximize down range in the return flight phase, the objective function 2 is employed to minimize the launch drag (C D Launch ) in the ascent phase, and the objective function 3 is adopted to increase the maximum volume for the payload. Here, the angle of attack for the return flight set to be the angle at which L/D becomes maximum for the return flight phase and that for the ascent phase is zero for minimization of C D Launch . Those objective functions 1, 2 and 3 are similar to those in the previous study 8) . The objective function 4 is newly introduced in the present study considering the static stability. In general, shorter distance from the nose to the center of gravity (x cg [%]) makes the rocket statically stable, while the longer distance from the nose to x cg is preferred because the heavy subsystem is located at the bottom of the rocket. Based on the requirement above, the distance from the nose to the center of gravity is maximized as the objective function 4, as far as the rocket is statically stable in the return flight at the angle of attack of maximum L/D. The statically stable condition above is set to be the constraint in this problem. The statically stable condition is ensured by requiring that the moment around the center of gravity has a negative slope and cross zero at that angle of attack.
The Fig. 3 of evaluating the objective functions and constraint is shown. The designed rocket shape is evaluated whether or not it is statically stable at the angle of attack at which L/D is maximized. The maximum value for the x cg is adopted in a range that the rocket is statically stable.
Design variables
Two parameters, f 1 and f 2 shown in Fig. 2 are used to define the cut plane of the body shape together with the radius of curvature for the curved segment indicated in Fig. 2 , whereas the origin of coordinate is set at the top of the body and the rocket length is 3.33. The rocket shape is limited to be axisymmetric in this study. The shape consists of three parts in cross-section: the top, body, and bottom parts. The cut plane of the body part consists of lines with different slopes. These lines are connected at the points of which are used as the design variables. Hence, the design variables are expressing the Positions (x 1 , y 1 ) and (x 2 , y 2 ) of f 1 and f 2 in the coordinate system whose origin is the top of the shape are determined by giving design parameters x 1 , y 1 , α x2 , and α y2 . Here, (x 1 , y 1 ) are determined directly by the design variables, while (x 2 , y 2 ) are determined as follows:
where (x 3 , y 3 ) = (3.33, 0.5) is the position of the bottom point. The ranges of x 1 , y 1 , α 2 , and α 2 are shown in Table 1 .
Newtonian method
In this study, aerodynamics of many shapes of the rocket have to be evaluated. Therefore, the method for the calculation of aerodynamic should be computationally cheap. In this study, the Newtonian method is adopted which is computationally cheap method, rather than CFD which is computationally very expensive 9) . CFD is very high computational costs. In the early stages of design, it is more important to quickly get the result than accurately. The total computational costs of the present MODE is 30 times cheaper than the previous study using CFD.
The Newtonian method approximately calculates the aerodynamic coefficients in the supersonic flight. The Mach number is assumed as the infinity in this method. The Newtonian method is a good approximation for the calculation of the supersonic condition and derives the accurate aerodynamic coefficients of inviscid flow (which does not have the Reynolds number) above the Mach number of 5. In this study, the aerodynamic coefficients are approximated by the Newtonian method in the supersonic condition while those in subsonic condition are not. In the ascent phase, the dynamic pressure becomes maximum at the supersonic condition, and the approximation of this method is reasonable. Although the subsonic condition is as important as the supersonic condition in the actual return flight phase, the previous study with CFD 8) showed that the difference between the optimum shape (of maximum L/D) during subsonic and supersonic condition is small. Hence, the optimization condition during the supersonic condition with the Newtonian method seems to give us the good information for design of the VTOL rocket.
The Newtonian method assumes that the fluid is a collection of the particles and particles exchange the momentum with the object in the flow. The force is obtained by the following equation. This equation represents the law of conservation of momentum.
where θ denotes a flat plate angle, A denotes a surface area and U denotes the flow velocity. The pressure coefficient is introduced as follows:
Here, the rocket shape is expressed by the polygons. The pressure coefficients of each polygon is computed and the aerodynamic forces on the rocket body are computed as a summation of the forces on polygons. When C D Launch is evaluated, the angle of attack is set to be 0
• . When L/D is evaluated, L/D for every 10 degree is evaluated and the maximum value is estimated with the parabolic interpolation using the data at three angle of attacks around that for maximum L/D.
Multi objective genetic algorithm
Non-dominated sorting genetic algorithm-II (NSGA-II), which is a fast and elitist multi-objective evolutionary algorithm proposed by Deb 10) , is used. This method was used to optimize the rocket design in the previous study 8) . Initially, a random parent population is created. The parent population is evaluated by the Newtonian method, and sorted by Goldberg's Pareto-ranking. 11) Binary tournament selection in the reproductive selection is used to select parent pairs for creating child population. Simulated binary crossover (SBX) 12) is applied to selected pairs and child population are generated. Polynomial mutation 13) and evaluation by the Newtonian method are conducted for newly created child population. After this procedure, non-dominated sorting in survival selection is applied to combined parent and child populations for creating new parent population.
In this study, both the size of population and the number of generation are set to be 20. Crossover and mutation rates are set to be 0.7 and 0.1, respectively.
As the result of multi-objective evolutionary computation, optimal solutions, known as non-dominated solutions, are ob-tained in solutions of all 400. The scatter plot matrix is shown in Fig. 4 . The lower left and upper right parts of the Fig. 4 show correlation coefficients and the distribution of non-dominated solutions, respectively. All the rocket shapes discussed here meets the constraint. Also, we define the three characteristic shapes: 1) the maximum-volume shape, 2) the maximum-L/D shape, and 3) the maximum-x cg shape as shown in Figs. 5, 6 and 7. Here, the minimum-C D Launch shape can be also defined, but it is exactly the same as the maximum-L/D shape and it is called the maximum-L/D shape in this paper.
Firstly, correlative relationships among the objective functions (C D Launch , volume, and L/D) are revealed. After that, the aerodynamic characteristics of maximum-L/D and maximum-volume shapes are discussed. Next, the discussion for the correlative relationship between x cg and the other objective functions is presented. Finally, the aerodynamic characteristic of maximum-x cg is discussed. Figure 8 shows that the maximum-L/D shape has the very small drag at zero angle of attack (C D Launch ) and the smaller drag at the other angle of attack than that of the maximum-volume shape. Figure 9 shows that the maximum-volume shape has the larger lift at 40
• than the lift of the maximum-L/D shape. Figure 10 shows the L/D against the angle of attack. The maximum-L/D shape has maximum L/D at 10
• whereas the maximum-volume shape has maximum L/D around 40
• . Figure 8 , 9 and 10 show that the maximum-L/D shape obtain higher L/D by decreasing drag at low angle of attack, which again leads to the fact that it is the same shape as the minimum-C D Launch shape.
Aerodynamic forces in the supersonic flight increases with increasing AoA and increasing surface area. The lift of the maximum-volume shape is larger than that of the maximum-L/D shape because the surface area of the maximum-volume shape is larger. The maximum-volume shape increases L/D by increasing the lift. Hence, the AoA at which the shape is statically stable is larger. On the other hand, the maximum-L/D shape increases L/D by decreasing the drag. Hence, the AoA at which the shape is statically stable is smaller. Figures 11 and 12 show the pitching moments of the maximum-volume and the maximum-L/D shapes. The maximum-volume shape is statically stable around 40
• . The maximum-L/D shape is statically stable between 20
• and 30
• respectively. These figures indicate that the maximum-L/D shape is statically stable at the smaller AoA and the maximumvolume shape is statically stable at the larger AoA to increase L/D respectively. The maximum-L/D shape dose not have the skirt which is shown in Fig. 2 . Lift can be increased with the wider skirt of the rocket owing to the wider projected area on the plane perpendicular to the flow, while this wider skirt leads to larger drag. Such a high-lift and high-drag solution is not observed in Fig 4 to increase L/D. Therefore, this implies that decreasing the drag works more effectively than increasing the lift in order to increase L/D during supersonic flight. Figure 4 shows the scatter plots of the position of center of gravity (x cg ) and other objective functions. This figure shows the design information such as a negative correlation between x cg and C D Launch and volume while L/D has a peak against x cg . These relationships are obtained for the first time. The pitching moments are adjusted by changing x cg for the static stability. The maximum x cg is approximately 0.66which corresponds to 66% of the rocket length from top to the bottom. The scatter plots shown in Fig. 4 show that L/D becomes maximum at x cg = 60%. Also, the volume monotonically decreases with increasing x cg .
The maximum-x cg shape is shown in Fig. 7 . This figure shows that the maximum-x cg shape becomes narrow frontbody and wide aft-body shape. Such a shape mainly receives an aerodynamic force in aft body, and the lift is generated in aft body. The zero point of the pitching moment is moved to the bottom because small forces are generated in the front body and large forces are generated in the aft body. Therefore, such a shape has a larger x cg for the static stability. However, changing the flow direction generates the drag as well as the lift at the same time. As a result, L/D decreases. Figure 13 shows the pitching moment of the maximum-x cg shape. This shape is statically stable between 20
• angle of attack. As mentioned above, decrease in the drag leads to increase in the L/D. The angle of attack at which this shape is statically stable is similar to the maximum-L/D shape. Figures 8, 9 and 10 show that the maximum-x cg shape has the trend similar to that of the maximum-L/D shape.
Here, AoA at which L/D is maximized is lower than that for the maximum-volume shape. This shape obtains larger L/D by decreasing the drag. This is different from the maximumvolume shape that has large L/D owing to large lift.
Conclusion
Multi-objective aerodynamic design exploration of VTOL with statically stable flight condition was conducted. The correlative relationships among the objective functions (C D Launch , volume, and L/D) are similar to the result of previous study. The result of multi-objective aerodynamic design exploration shows that the maximum-L/D shape is statically stable at low angle of attack and the maximum-volume shape is statically stable at high angle of attack. If the flow behind the rocket is disturbed and the rocket is unstable in the real flight, the shape that is statically stable at low angle of attack should be chosen. The xcg is approximately 66% realized by the narrow front-body and wide aft-body shape. However, it is difficult to set the center of gravity around here in the real case because the rocket has a payload around the front part. These results are new design knowledge for the design of the VTOL rocket design in this study. 
